1. Introduction {#sec1}
===============

Coronavirus disease 2019 (COVID-19), caused by the Severe Acute Respiratory Syndrome - Coronavirus-2 (SARS-CoV-2), has emerged as a rapidly spreading communicable disease affecting practically all countries across the globe. The overall death rate of COVID-19 is rather low at ca. 1.4--2.3% \[[@bib1],[@bib2]\], depending on the normalisation and estimations of non-symptomatic patients; however, several risk groups have been identified as being at higher risk of developing a more severe form of the disease and, subsequently, have higher mortality. In particular, cardiovascular diseases, hypertension, chronic respiratory diseases, Metabolic Syndrome (MS), and Diabetes Mellitus (DM) appear to play an important role in developing a more severe form of the disease with several complications \[[@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8]\]. The prevalence of particular diseases and their impact on the death rate remains to be elucidated, because the pre-existing diseases are not isolated adequately and may appear simultaneously. DM, for example, is very often related to cardiovascular disorders and hypertension \[[@bib3]\], accompanied by obesity \[[@bib9]\], and, in several cases, also with smoking \[[@bib6]\].

Clear evidence has been provided that DM is one of the leading risk factors for COVID-19 \[[@bib4], [@bib5], [@bib6], [@bib7], [@bib8]\]. A more comprehensive review of the growing body of references reporting more severe disease and higher mortality rate of patients with DM is provided in the Supplement (see [Table S1](#appsec1){ref-type="sec"}). The International Diabetes Federation (IDF), according to the WHO declaration, has also published a special note on the risk of individuals with DM \[[@bib10]\]. It should be noted that, despite the COVID-19 epidemic, at the same time, we are facing the epidemic of Type 2 Diabetes Mellitus (T2DM). According to the WHO Global Report on Diabetes \[[@bib11]\] an estimated 422 million adults worldwide were living with DM in 2014, compared to 108 million in 1980. The IDF estimates that, in 2019, ca. 463 million adults (20--79 years) were living with DM, and by 2045 this will rise to approx. 700 million \[[@bib12]\]. Thus, the global increase in DM should be considered as a public health crisis that needs to be considered simultaneously in providing prevention services and treatment tools for COVID-19.

Besides the clinical evidence that DM is an important risk factor for COVID-19, we are still lacking research analyses that would give us better understanding of the physiological processes involved in the interrelation between DM and COVID-19. We analysed recent publications focused on COVID-19 and DM, and make parallels with previous studies analysing the interrelations between DM and the Severe Acute Respiratory Syndrome - Coronavirus (SARS-CoV) infection. This is promising because of similarities between SARS-CoV-2 and SARS-CoV. The genetic sequence of SARS-CoV-2 shares more than 80% of the identity of SARS-CoV \[[@bib3]\], and both viruses use the same receptor, the Angiotensin-converting enzyme 2 (ACE2), as the cellular entry point \[[@bib3],[@bib13], [@bib14], [@bib15]\]. We have applied Data Mining analysis of publications in PubMed to investigate the common physiological links between DM, SARS-CoV-2, and SARS-CoV. The results revealed three main pathophysiological pathways linking DM and COVID-19 via ACE2, liver dysfunction, and chronic inflammation. Accordingly, the clinical biomarkers are proposed for predicting better an adverse outcome of COVID-19, which might help clinicians for taking appropriate measures. We discuss the importance of these findings for patients with DM, and those with dysregulated biomarkers due to their metabolic disorders and prediabetic state, but not yet being diagnosed for DM.

2. Methods {#sec2}
==========

We have developed a Python-based framework for publication mining and knowledge graph extraction. Publication mining on PubMed was performed using the Python library Entrez \[[@bib16]\]. We searched PubMed for selected queries which are related to COVID-19 and DM. Overall, we acquired 1,121,078 publications in the time span between 01-01-2000 and 17-4-2020. From those publications we extracted query-specific knowledge graphs. The latter are graph-based abstractions of a specific knowledge embedded in the medium from which we extracted them \[[@bib17]\]. We have identified 14 topics, which are important either from the perspective of DM or COVID-19. These topics are the nodes of the graphs, and by applying text mining techniques on the acquired publications, we can show which topics are related and how strong their interrelations are. Lastly, we merged the separated knowledge graphs into one single knowledge graph, highlighting maximal topic-pair occurrence frequencies, when viewed from a different research perspective. A detailed description of the method, topics and queries is provided in the Supplement.

3. Results {#sec3}
==========

3.1. Diabetes and COVID-19 are linked via ACE2 {#sec3.1}
----------------------------------------------

In the studies investigating cellular and molecular mechanisms that could be responsible for an increased risk of individuals with DM for COVID-19, ACE2 has appeared as one of the crucial ones \[[@bib1],[@bib7],[@bib18]\]. Initially, ACE2 has been identified from human heart failure and lymphoma cDNA libraries \[[@bib19],[@bib20]\], and was later shown to serve as the receptor for the SARS-CoV \[[@bib21], [@bib22], [@bib23], [@bib24]\]. Recently, it has been shown that ACE2 is also the cellular entry point for the virus SARS-CoV-2 \[[@bib3],[@bib14]\], and SARS-CoV-2 has an even higher affinity than SARS-CoV for ACE2 \[[@bib13]\]. The expression and distribution of the ACE2 in the human body may indicate the potential routes of the infection and the organs most targeted by SARS-CoV-2. ACE2 is expressed differently in tissue and organs. High ACE2 expression was identified in the alveolar cells of the lung, oesophagus epithelial cells, absorptive enterocytes from the ileum and colon, cholangiocytes, myocardial cells, kidney proximal tubule cells, bladder urothelial cells, and epithelial cells of the oral mucosa \[[@bib14]\]. The high ACE2 expression in lungs and kidneys corresponds with the most common acute conditions: Acute Respiratory Distress (ARD) and Acute Renal Failure (ARF). In one of the largest studies analysing characteristics of 14,860 COVID-19 patients dying in Italy, ARD was observed in most of the patients (96.5%), followed by ARF (24.3%) \[[@bib25]\].

The expression and distribution of ACE2 changes with age, and is influenced by several diseases. In particular, in providing a healthy metabolism, ACE2 should be fine regulated, like a label: Not too little, not too much, just right \[[@bib1]\]. In patients with DM, the expression of ACE2 depends on the progression of the disease. In an early phase of DM, the ACE2 is upregulated \[[@bib26],[@bib27]\]. This increased expression of ACE2 is likely to be an adaptive response to counter the Angiotensin-converting enzyme (ACE) overactivity, and the ACE2 could truly be seen as "good" ACE \[[@bib26]\]. Several studies have shown that the ACE2/Ang-(1--7)/Mas axis plays an important anti-inflammatory and anti-fibrogenic role (for review see Ref. \[[@bib28]\]). In later phases of DM, the ACE2 is downregulated \[[@bib27]\]. One of the reasons that ACE2 expression is reduced in patients with DM could be glycosylation \[[@bib1]\]. The deficiency of ACE2 in the progression of DM causes complications, e.g., diabetic nephropathy \[[@bib1],[@bib27],[@bib29],[@bib30]\], and may also contribute to enhanced oxidative stress in the pancreas, and to decreased glucose tolerance and impaired insulin secretion \[[@bib26],[@bib31]\]. Therefore, the upregulation of ACE2 is promising to restore the positive effects of ACE2. Experimental evidence exists that an increase in ACE2 expression can indeed improve pancreatic beta-cell function in *db/db* mice \[[@bib32]\]. To this end, several drugs, in particular ACE inhibitors (ACEi) and Angiotensin Receptor Blockers (ARBs), have been developed with the end effect of increasing the ACE2.

In the context of metabolic syndrome and DM, the ACE2 regulation appears as a "*double-edged sword*" \[[@bib1]\]. On the one hand, the ACE2/Ang-(1--7) system plays an important anti-inflammatory and antioxidant role, protecting the lungs against Acute Respiratory Distress Syndrome (ARDS), and ACE2 has been shown to be protective against lethal avian influenza A H5N1 infection and others \[[@bib33],[@bib34]\]. On the other hand, however, the expression of ACE2 is markedly increased in patients with DM (and hypertension), being treated with ACEi or ARBs as an adaptive response to counteract the elevated levels of Ang-II and Ang-I \[[@bib1]\]. Thus, the implementation of ACE2-stimulating drugs could facilitate the entry of SARS-CoV- 2 into pneumocytes and other ACE2-rich tissues, and, consequently, it might result in more severe and fatal disease, as hypothesised by some researchers \[[@bib1],[@bib7],[@bib35]\]. At present this is rather speculative, and the question remains open for further studies to clarify this issue.

To investigate a broader context and get a deeper insight into the interrelation between DM and COVID-19 via ACE2, we applied Data Mining analysis of publications in PubMed. The analysis is focused on topics which have been found to play a key role in the development and outcome of COVID-19 disease. The task of our Data Mining algorithm was to extract the main topics in the acquired publications by counting the PubMed entries with a particular topic and calculating the frequency of co-appearances of topic pairs in the database. A detailed description of the Data Mining procedure and the corresponding analysis are given in the Supplement. Regarding the topic ACE2, we have analysed publications separately for the period before 2020, and separately for the year 2020. The results for the period before 2020 are shown in [Fig. 1](#fig1){ref-type="fig"} A and B. The fraction of articles containing a particular topic in the ACE2 database is presented in [Fig. 1](#fig1){ref-type="fig"}A. [Fig. 1](#fig1){ref-type="fig"}B shows the corresponding interrelation between the extracted topics in the form of a weighted knowledge graph. The results of the Data Mining analysis for 2020 are presented in [Fig. 1](#fig1){ref-type="fig"}C and D. In analogy with [Fig. 1](#fig1){ref-type="fig"}A and B, [Fig. 1](#fig1){ref-type="fig"}C and D shows the fraction of articles containing a particular topic in the ACE2 publication database, and the weighted knowledge graph visualises the interrelation between the extracted topics, respectively.Fig. 1Results of Data Mining for the ACE2 publication database: Frequency of topic usage for the period before 2020 (A) and for the year 2020 (C), and the corresponding extracted weighted knowledge graph for the period before 2020 (B) and for the year 2020 (D).Fig. 1

In both [Fig. 1](#fig1){ref-type="fig"}B and D, the triangle DM-ACE2-COVID-19 can be well recognised, highlighting the interrelation between DM and COVID-19 via ACE2 ("*ACE2 axis*"). Importantly, our analysis shows that only *a weak direct link* exists between DM and COVID-19, which obscures the actual interrelation between the two diseases. Therefore, Data Mining can contribute importantly to a deeper insight into the interrelation between the topics; they might not always be strongly connected with a direct link, but via other neighbouring topics that might not be otherwise recognised as trivial "*inter-hops*". Our results show that, in the context of the interrelated topics in PubMed, the ACE2 appears as an important link between the topic Diabetes and the topic SARS in both cases.

As expected, because of the recent epidemic, the link between ACE2 and SARS is much stronger in 2020 (compare [Fig. 1](#fig1){ref-type="fig"}B and D), and SARS has replaced the leading topic Hypertension before 2020. The topic Hypertension remains among the most related topics with ACE2 also in 2020, and plays a crucial role in influencing the triangle DM-ACE2-COVID-19. This result agrees with the fact that hypertension is the leading comorbidity in COVID-19 \[[@bib25]\]. It is a blurred line between hypertension and DM because of the fact that ca. 70% of patients with DM have hypertension \[[@bib3]\]. So, hypertension, together with DM, can be seen as the leading risk factor for complications and fatal outcomes of COVID-19 \[[@bib3], [@bib4], [@bib5],[@bib7]\].

3.2. Liver dysfunction, elevated ALT {#sec3.2}
------------------------------------

Artificial Intelligence (AI) analysis \[[@bib36]\] revealed that a mildly elevated liver enzyme Alanine aminotransferase (ALT) is the most predictive clinical biomarker in newly infected patients with SARS-CoV-2 for later development of ARDS. The AI model that learned from historical data of patients from two hospitals in Wenzhou, Zhejiang, China, achieved 70%--80% accuracy in predicting severe cases of COVID-19 \[[@bib36]\]. Several other research groups have also found a relationship between COVID-19 and liver injury, in particular, abnormal levels of ALT and Aspartate aminotransferase (AST) (for review see Ref. \[[@bib5]\]). The common observation is that abnormal liver aminotransferase levels are more prevalent in severe cases than in mild cases of COVID-19. It appears that a major disease burden might be chronic liver diseases, including chronic viral hepatitis, Non-Alcoholic Fatty Liver Disease (NAFLD), and other metabolic disorders, including MS and DM \[[@bib5],[@bib37]\].

From the physiological point of view, it is of interest to understand why these chronic liver disorders, and, in particular, the elevated ALT levels, are so tightly related to COVID-19. It should be noted that liver disorders are in very close relation with MS, prediabetes, and DM, and there is a huge body of evidence supporting this close interrelationship. Similar to the recent finding of AI \[[@bib36]\] that ALT is a promising predictor for the severity of COVID-19, Sattar et al. \[[@bib38]\] have reported that ALT was recognised as a reliable predictor of DM. In this clinical study by Sattar et al. \[[@bib38]\] the participants that have developed DM over 5 years of follow-up, the ALT, but not AST, levels increased progressively with the increasing number of MS abnormalities, and those with ALT in the top quartile had an elevated risk for DM versus those in the bottom quartile. Several other studies have also found this high correlation between elevated ALT concentrations and the DM, MS, and NAFLD \[[@bib38], [@bib39], [@bib40], [@bib41], [@bib42], [@bib43], [@bib44]\]. Interestingly, elevations of ALT must not be very high; already mild, but chronic elevations of transaminases often reflect underlying insulin resistance and DM \[[@bib45]\].

Taken together, if a chronic liver disease, mostly characterised by elevated ALT, is one of the major concerns for DM, and the same is true for COVID-19, then COVID-19 and DM have a "*common enemy*". To understand the physiological role of this "*common enemy*", we have applied Data Mining analysis of publications in PubMed on a broader query list: DM, COVID-19, ACE2, Inflammation, ALT, and Liver & Liver disease (for details see the Supplement). The results are shown in [Fig. 2](#fig2){ref-type="fig"} . The network presentation shows the main nodes and their connections. The link between SARS and ALT, via the topic Liver & Liver disease, is the most evident one, and, hence, fully in agreement with the predictions of the AI investigations by Jiang et al. \[[@bib36]\]. It should be noted, however, that our analysis carries different information than that of Jiang et al. \[[@bib36]\], but the results are complementary, pointing out the important role of ALT in COVID-19. According to our analysis, this link between ALT and COVID-19 is not a direct link, and, therefore, intuitively not recognised so easily. The nodes ALT and SARS are connected through the hub Liver & Liver disease that is also connected with DM, and provides the connection between DM-ALT-SARS (see [Fig. 2](#fig2){ref-type="fig"}). We call this connection "*Liver axis*", linking DM and COVID-19 via ALT, representing a reliable biomarker for liver dysfunctions involved in DM and COVID-19.Fig. 2Merged knowledge graph computed by Data Mining for the SARS, Diabetes, ACE2, ALT, Inflammation, and Liver & Liver disease databases acquired from PubMed for all years.Fig. 2

The results presented in [Fig. 2](#fig2){ref-type="fig"} demonstrate a comprehensive view of the relationships between the diseases, their pathophysiological pathways, and the corresponding biomarkers. The basic two diseases considered here are COVID-19 and DM. We start with the corresponding nodes in the network, i.e. SARS and Diabetes, and highlight them by colouring the corresponding nodes red. The link between SARS and Diabetes is rather weak, which means that the two diseases are not very often related in the literature. However, there exist three very important *indirect links* between SARS and Diabetes, provided via the three *most connected first neighbours* of both SARS and Diabetes, i.e. ACE2, Liver & Liver disease, and Inflammation (marked blue in [Fig. 2](#fig2){ref-type="fig"}). Among these first most connected common neighbours, we can find the just introduced "*Liver axis*" and the previously discussed "*ACE2 axis*". Both axes have their clinical biomarkers, and to reveal them, we look at the *next most connected neighbours,* marked green in the network ([Fig. 2](#fig2){ref-type="fig"}). In the "*Liver axis*", the most connected node among the next neighbours of Liver & Liver disease is ALT, indicating that ALT is an important clinical biomarker for COVID-19, which also corresponds with the previously discussed predictions of the AI investigations by Jiang et al. \[[@bib36]\]. In the "*ACE2 axes*", the next most connected neighbour of ACE2 is the node Hypertension, and hypertension is indeed the most important clinical biomarker indicating the highest risk for COVID-19, as discussed in the previous section \[[@bib25]\].

In addition to the "*Liver axis*", discussed in this section, and the "*ACE2 axis*", discussed in the previous section, our analysis also points to the third very important link between DM and COVID-19, i.e. inflammation. Notably, this is not an acute inflammatory state being coevolved with COVID-19, but it corresponds to a pre-existing, chronic low-grade inflammation. The revealed 3^rd^ axis interconnecting DM and COVID-19, i.e. "*Inflammatory axis*", deserves a separate presentation and is discussed in the next section.

3.3. Chronic (low-grade) inflammation {#sec3.3}
-------------------------------------

Inflammation represents an important link between DM and COVID-19. [Fig. 2](#fig2){ref-type="fig"} reveals that inflammation is one of the most connected first common neighbours of both SARS and Diabetes (marked in blue in [Fig. 2](#fig2){ref-type="fig"}). Looking at the next most connected neighbours of the Inflammation node (marked in green in [Fig. 2](#fig2){ref-type="fig"}), we can recognise three important biomarkers, i.e., fibrosis, Interleukin-6 (IL-6), and lymphocytes. The serum biomarkers IL-6 and the count of lymphocyte are determined routinely, and in patients with COVID-19 these biomarkers were shown to be considerably dysregulated \[[@bib4],[@bib18]\]. For example, in a group of non-survivors the serum values of IL-6 were much higher, 2--5-times, in comparison with the values measured in survivors, and the lymphocyte count was considerably lower, 2--5-times, in the group of non-survivors \[[@bib4]\].

To understand the physiological and clinical background of this "*Inflammatory axis*", linking DM and COVID-19 better, we provide a short review of publications. A large body of references exists linking DM with chronic inflammation (for a recent review see Ref. \[[@bib46]\]); and, on the other hand, several reports for COVID-19 show a clear correlation between the severity of the disease and the level of dysregulated biomarkers for systemic inflammation \[[@bib4],[@bib18],[@bib47]\]. Since the outbreak of COVID-19, there has simply not been enough time for extensive research that could explain comprehensively all the physiological mechanisms linking COVID-19 with chronic inflammation. However, indirect evidence exists that might help in understanding the link between DM and COVID-19 via chronic inflammation. The fact is that both T2DM and the severity of COVID-19 are more prevalent in the elderly population. The interrelation between ageing and inflammatory processes has been well established, and we know that inflammation is an important concomitant cause of many major age-associated pathologies, such as cancer, neurodegeneration, and DM \[[@bib48],[@bib49]\]. During the process of ageing the immune system becomes compromised, and is associated with an increasing inflammation \[[@bib50]\]. In particular, chronic inflammation, the so-called inflammaging, and metabolic function are affected strongly by the ageing processes \[[@bib49],[@bib51],[@bib52]\].

Although, chronic inflammation is a coevolving process with ageing, and in elderly groups associated with several pathologies, it is not trivial to understand why and to what extent the inflammatory processes are involved in other diseases, and how they influence comorbidity. In particular, the comorbidity is difficult to assess when attributed to the disease connections on the molecular level, such as dysregulated genes, protein--protein interactions, and metabolic pathways as potential causes of comorbidity \[[@bib49]\]. From the perspective of Genetics, for example, a pair of diseases can be connected if they are both associated with the same genes being dysregulated \[[@bib49],[@bib53],[@bib54]\]. We are still lacking data for SARS-CoV-2; however, for the previous SARS-CoV infection, it has been shown that the NFKBIA gene plays the most important role for comorbidities of this disease \[[@bib49]\]. Remarkably, in age-related inflammatory processes leading to Chronic Inflammatory Diseases (CIDs), the first genes being dysregulated are NFKBIA and Akt1 \[[@bib49]\]. Thus, the link between CIDs and SARS-CoV infection can be established at the very early stages of the development of CIDs. The number of shared dysregulated genes between SARS-CoV infection and CID should be analysed to assess the comorbidity risk of a given CID in a more progressive stage. Importantly, it has been found that T2DM shares the highest number of dysregulated genes with SARS-CoV infection \[[@bib49]\]. This gives a solid base for the comorbidity of T2DM for SARS-CoV infection via inflammation that can, at least from the genetical and epigenetical point of view, be explained by the same gene dysregulations, starting with dysregulations of NFKBIA and Akt1.

These results from genetic studies agree with findings indicating that PI3K-Akt activation is induced by insulin \[[@bib55]\], and any defect in the PI3K-Akt signalling pathway is associated with insulin resistance and DM \[[@bib56]\]. Moreover, it has been found that, not only DM, but also obesity, is related to imbalances in the PI3K-Akt signalling pathway \[[@bib57]\]. This causes additional concern, as, in several countries, obesity is reaching the characteristics of an epidemic that spread out quickly and even more aggressively than DM. Therefore, we should be concerned about a broad range of metabolic disorders that lead to chronic inflammatory states, and, in most cases, do not evoke enough attention because of their "*silent*", i.e. low-grade, appearance. In the present COVID-19 epidemic all these chronic inflammatory states, closely related to metabolic disorders, even though not (yet) treated as DM or any other CIDs, deserve special attention, and should be considered seriously as an important risk factor for the severity and mortality of patients infected with SARS-CoV-2.

4. Limitations of the study {#sec4}
===========================

This study has some limitations: The number of published articles that have been analysed for this year is relatively small, and some interrelations could strengthen in the future. In addition, it would be beneficial to add other data repositories in the analysis, including Protein--Protein Interaction networks, in combination with drug information resources for approved drugs. By knowing the therapeutic targets, drug metabolism, and other molecular interaction network information, the knowledge graph could be enriched and expanded to highlight even more complex relationships.

5. Conclusions {#sec5}
==============

The motivation for this study comes from the clinical evidence indicating DM as an important risk factor for COVID-19. A large body of clinical reports confirms an adverse development and higher mortality of patients with DM (see Supplement, [Table S1](#appsec1){ref-type="sec"}). Our analyses, based on Data Mining of publications in PubMed, reveal that DM and COVID-19 are interrelated via three main axes: The "*ACE2 axis*", "*Liver axis*", and "*Inflammatory axis*". All these axes are further interrelated, in particular, the "*Liver axis*" and the "*Inflammatory axis*", with common biomarkers, and form a complex network ([Fig. 2](#fig2){ref-type="fig"}). We have extracted the most important clinical biomarkers linking DM and COVID-19: The hypertension, elevated values of ALT and IL-6, and a decreased count of lymphocytes, which is in good agreement with the results of other studies reporting the indicators for higher risk of COVID-19 \[[@bib4],[@bib18],[@bib25]\].

We found it rather surprising that DM and COVID-19, and even more generally DM and infections with SARS-CoV and SARS-CoV-2, do not coappear more frequently in publications. The Data Mining analysis showed that the link between these two topics, Diabetes and SARS, is rather weak ([Fig. 2](#fig2){ref-type="fig"}). The whole research todate was obviously concentrated on the "*nearest neighbours*" of DM and SARS separately. Our analysis revealed the "*common nearest neighbours*" of both DM and SARS, and shows how Data Mining and network analysis can contribute to better and deeper insight into the interrelation between the diseases. Moreover, we were able to identify the "*outer neighbours*", in our case the important biomarkers, and when these biomarkers correspond with the clinical data, indicating that they are indeed closely related with the diseases, as in our case, the blood pressure, ALT, IL-6, lymphocytes count, for example, these sophisticated numerical approaches are justified.

The proposed biomarkers can be applied directly in clinical practice. It is recommended that the medical history of newly infected patients with SARS-CoV-2 should be checked for evidence of pre-existing, long-term, chronic dysregulations of these biomarkers. In general, patients with DM and elderly people are at higher risk. However, not all of them have these dysregulations, whereas, on the other hand, in a world full of stress, less time for preparing good food, and less physical activity, younger populations and people not even being diagnosed for DM, can have considerable dysregulations of these biomarkers, putting them at higher risk for COVID-19. Therefore, these findings may help in preventing masses of people being unaware of their metabolic disorders and prediabetic state. It is true that, at present, the main concern is COVID-19, as the most rapidly spreading epidemic with a readily recognised severe outcome, and with a concern of crashing complete national health systems, also in developed countries. However, we should not forget that some of the most persistent, silently spreading epidemics with a huge and permanently increasing annual rate of morbidity remain obesity, metabolic syndrome, and DM. It is hard to imagine, but for sure we would be less concerned about the COVID-19-epidemic if we did not live in the middle of a DM-epidemic.
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